We previously developed an antibody-avidin fusion protein (ch128.1Av) that targets the human transfer- 
We previously developed an antibody-avidin fusion protein (ch128.1Av) that targets the human transfer-32 rin receptor 1 (TfR1) and exhibits direct cytotoxicity against malignant B cells in an iron-dependent man-33 ner. ch128.1Av is also a delivery system and its conjugation with biotinylated saporin (b-SO6), a plant 34 ribosome-inactivating toxin, results in a dramatic iron-independent cytotoxicity, both in malignant cells 35 that are sensitive or resistant to ch128.1Av alone, in which the toxin effectively inhibits protein synthesis 36 and triggers caspase activation. We have now found that the ch128.1Av/b-SO6 complex induces a tran-37 scriptional response consistent with oxidative stress and DNA damage, a response that is not observed 38 with ch128.1Av alone. Furthermore, we show that the antioxidant N-acetylcysteine partially blocks 39 saporin-induced apoptosis suggesting that oxidative stress contributes to DNA damage and ultimately 40 saporin-induced cell death. Interestingly, the toxin was detected in nuclear extracts by immunoblotting, 41 suggesting the possibility that saporin might induce direct DNA damage. However, confocal microscopy 42 did not show a clear and consistent pattern of intranuclear localization. Finally, using the long-term 43 culture-initiating cell assay we found that ch128.1Av/b-SO6 is not toxic to normal human hematopoietic 44 stem cells suggesting that this critical cell population would be preserved in therapeutic interventions 45 using this immunotoxin.
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51
Saporin is a ribosome-inactivating protein (RIP) isolated from 52 the plant Saponaria officinalis that strongly blocks protein synthesis 53 . It is a Type I RIP in that it consists of a sin- Abbreviations: b-SO6, biotinylated saporin-6; BCA, bicinchoninic acid; BFU-e, burst forming unit-erythroid; BHLHB2, basic-helix-loop-helix transcription factor B2; BMMC, bone marrow mononuclear cells; CDC14B, dual specificity protein tyrosine phosphatase family; CFU-e, colony forming unit-erythroid; CFU-GM, colony forming unitgranulocyte/macorphage; CHX, cycloheximide; ch128.1Av, mouse/human chimeric antibody avidin fusion protein targeting CD71; DNS, dansyl hapten (5-dimethylamino naphthalene-1-sulfonyl chloride); FYTTD1, forty-two-three domain containing 1; GADD45B, growth arrest DNA damage-inducible gene 45b; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HIST2H4, Core histone 2H4; HRP, horseradish peroxidase; kDa, kilodlatons; KLF6, Kruppel-like transcription factor 6; LFC, log base 2-fold change; LTC-IC, long-term culture-initiating cell; MM, multiple myeloma; mw, molecular weight; NAC, N-acetylcysteine; NFKBIE, NF-jB, inhibitor epsilon (IjBe); NHL, non-Hodgkin's lymhoma; NIH, National Institutes of Health; QPCR, quantitative polymerase chain reaction; RGS1, regulator of G-protin signaling; RIP, ribosomal-inactivating protein; ROS, reactive oxygen species; SO6, saporin-6; TBP, TATA-box binding protein; Tf, transferrin; TfR1, transferrin receptor 1 (also known as CD71); THUMD2, THUMP domain containing 2; TSC22D3, glucocorticoid-induced leucine zipper (TFGb-stimulated clone 22 domain); TXNIP, thioredoxin interacting protein. residues of the 23S/25S/28S ribosomal subunits leading to the irre-59 versible block in protein synthesis. Saporin has also been reported 60 to have DNase-like activity (Gasperi-Campani et al., 2005; Ron-61 cuzzi and Gasperi-Campani, 1996) , although this is controversial 62 . It has also been reported that the glycosi-63 dase activity of saporin is not required for its cytotoxicity (Cimini 64 et al., 2011; Sikriwal et al., 2008) . There are several isoforms of 65 saporin that have been identified and named based on the tissue 66 of origin and chromatographic peak in ion-exchange chromatogra-67 phy . Saporin-6 (SO6), one of the most active 68 forms of the toxin, is produced in the seeds of the plant and repre-69 sents the major peak (peak 6) in chromatography analysis of seed 70 extracts produced as a delivery system for a broad range of biotinylated ther-79 apeutic agents, such as SO6, into cancer cells (Daniels et al., 2007; Ng 80 et al., 2002 Ng 80 et al., , 2006 . This fusion protein contains avidin genetically 81 fused to the C H 3 domains of the human IgG3 heavy chains. The anti-82 body is specific for the human transferrin receptor 1 (TfR1, also 83 known as CD71) and does not compete with the endogenous ligand 84 transferrin (Tf) for receptor binding (Ng et al., 2006; Rodriguez et al., 85 2007). The TfR1 is a Type II transmembrane homodimeric protein 86 involved in iron uptake and regulation of cell growth (Daniels et 87 al., 2006b) . It is widely expressed at low levels on many cell types, 88 but shows increased expression on rapidly dividing cells including 89 malignant cells due to their increased need for iron (Daniels et al., 90 2006b). Because of its central role in cancer pathology, its accessibil-91 ity on the cell surface, and its ability to internalize through receptor-92 mediated endocytosis, the TfR1 has been used for the targeted deliv- (Ng et al., 2002 (Ng et al., , 2006 Ortiz-Sanchez et al., 2009) , an activity 100 that is higher compared to that of its parental antibody (ch128.1) 101 without avidin (Daniels et al., 2011; Ng et al., 2006) . This activity 102 is due to an alteration in the TfR cycling pathway, increased TfR deg-103 radation, and the induction of lethal iron starvation in sensitive cells 104 (Daniels et al., 2007; Ng et al., 2006; Rodriguez et al., 2011 as anti-human TfR IgG3-Av) has been previously described (Ng et 150 al., 2002 (Ng et 150 al., , 2006 assay as previously described (Daniels et al., 2007) . Apoptosis 189 was assessed using Annexin V staining and flow cytometry as de-190 scribed previously (Daniels et al., 2007 with either 100 or 10 lg/mL CHX and IM-9 cells were treated with and not a specific response to the ch128.1Av/b-SO6 conjugate. . Gene expression analysis in cells treated with ch128.1Av complexed to b-SO6. Changes in gene expression with a greater than 1.0 Log base 2-fold change (LFC) after 1, 3, 9, or 24 h of ch128.1Av/b-SO6 treatment with respect to their time matched control (buffer alone) are shown for IM-9 (A) and U266 (B) cells clustered by time point and magnitude of change. Changes in IM-9 greater than 1.0 LFC at 9 h (C) post treatment are also shown for comparison with changes in U266 at 24 h. Clustering was conducted using the Cluster program and visualized using Java TreeView. (2012) activates caspases 2 and 3, and to lesser extent caspases 8 and 9, 404 and induces apoptosis in malignant B cells (Daniels et al., 2007) . cle arrest (Benzeno et al., 2004) . TXNIP can also act as a tumor 421 suppressor and plays a role in redox homeostasis through its inter-422 action with the antioxidant thioredoxin (Zhou and Chng, 2012) .
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The expression of TXNIP is increased upon treatment with various 424 anti-cancer agents and it has been shown to render cells more sen-425 sitive to oxidative stress (Yoshioka et al., 2006) . CDC14B is a phos- and cellular damage that can lead to apoptosis or necrosis (Fogg et 452 al., 2011; Mates et al., 2012; Ray et al., 2012) . Specifically, ROS can (Beaulieu et al., 2010) and NF-jB activity (Di 486 Marco et al., 2007) . Furthermore, TSC22D3 is upregulated by gluco-487 corticoid treatment in MM cells (Grugan et al., 2008) . Moreover, 488 ch128.1Av/b-SO6 upregulates the RGS1 protein that is known to 489 block signal transduction blocking the activity of GTPase activating 490 proteins (Bansal et al., 2007) . Recently, RGS1 levels increased in 491 plant cells treated with ozone, which was shown to induce ROS 492 levels (Booker et al., 2012) . Taken together, our data suggest that (Korcheva et al., 2005) , which were also differentially expressed 517 in our studies in IM-9 cells only. In general, the genes upregulated 518 by ricin in these two studies did not overlap with the 11 genes that 519 were seen to be upregulated in both IM-9 and U266 cells under our 520 study conditions. b-SO6, in U937 human myeloleukemic cells (Bhaskar et al., 2008) .
538
Ricin-induced apoptosis is also mediated by the generation of ROS 539 in the HeLa human cervical cancer cell line (Rao et al., 2005) . How-540 ever, ricin has also been shown to cause direct DNA damage that 541 occurs prior to the induction of apoptosis (Brigotti et al., 2002 cytotoxicity . It has been suggested that in conjugate. U266 (left panels) and IM-9 (right panels) were treated with 10 nM ch128.1Av/b-SO6 for either 1 h or 16 h followed by the preparation of nuclear and cytoplasmic extracts. Saporin within these extracts was detected by Western Blot analysis. Control cells (''C'') were incubated with an equal amount of buffer for 16 h. GAPDH was used a control for cytoplasmic protein, while TBP was used as a control for nuclear protein. Data represent the mean of quadruplicates ±the standard deviation. LTC-IC indicates long-term cell-initiating culture; ND, not determined. Data for the untreated, buffer, and ch128.1Av alone have been previously reported (Daniels et al., 2011 ). All samples were tested simultaneously in each donor.
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In conclusion, in this study we further examined the mecha- 
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